Abstract
meteorological conditions such as rainfall, snowmelt, runoff, soil saturation, groundwater level and 23 frost depth have been derived from a distributed version of the hydrological HBV-model. Two 24 different landslide susceptibility maps are used as supportive data in deciding daily warning levels. 25
Daily alerts are issued throughout the country considering variable warning zones. Warnings are 26 issued once per day for the following 3 days with the possibility to update them according to the 27 information gathered by the monitoring network. The performance of the LEWS operational in 28
Norway has been evaluated applying the EDuMaP method, which is based on the computation of a 29 duration matrix relating landslide and warning events. This method has been principally employed 30 to analyse the performance of regional early warning model considering fixed warning zones for 31 issuing alerts. The original approach proposed herein allows the computation of the elements of the 32 duration matrix in the case of early warning models issuing alerts on variable warning zones. The 33 approach has been used to evaluate the warnings issued in Western Norway, in the period 2013-34 2014, considering two datasets of landslides. The results indicate that the landslide datasets do not 35 significantly influence the performance evaluation, although a slightly better performance is 36 registered for the smallest and more accurate dataset. Different performance results are observed as 37 1
Introduction

44
In the last decades, natural hazards caused an increased number of consequences in terms of 45 economic losses (Barredo, 2009) to such events and to promote research and acceptance of risk prevention measures within the 52 society (Alfieri et al., 2012) . Among the many mitigation measures available for reducing the risk to 53 life related to natural hazards, early warning systems (EWSs) constitute a significant option 54 available to authorities in charge of risk management and governance. 55
Within the landslide risk management framework proposed by Fell et al. (2005) , landslide EWSs 56 may be considered a non-structural passive mitigation option to be employed in areas where risk, 57 occasionally, rises above previously defined acceptability levels. According to Glade and Nadim 58 (2014) , the installation of an EWS is often a cost-effective risk mitigation measure and in some 59 performance analysis can be an awkward process because some important aspects can be sparsely 79 evaluated. The EDuMaP method (Calvello and Piciullo, 2016) can be seen as a powerful tool to 80 help system managers and researchers in the performance evaluation of regional warning models. 81
Up to now, this method has been applied exclusively to evaluate the performance of regional 82 warning models designed for issuing alerts in fixed warning zones (Calvello and Piciullo, 2016 the Oslo Graben (Ramberg et al., 2008) . 98
Recurrent glaciations, variations in sea level and land subsidence/uplift, as well as weathering, 99 transport and deposition processes have created the modern Norwegian landscape (Gjessing, 1978 ; 100 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017-24, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Published: 16 January 2017 c Author(s) 2017. CC-BY 3.0 License. Ramberg et al., 2008) . Thus, dominating quaternary deposits include various shallow (in places 101 colluvial) soils, as well as moraine and marine deposits, (Fig. 1) . 102
4/28
Because of the latitudinal elongation and the varied topography, the Norwegian climate displays 103 large variations. Along the Atlantic coast, the North Atlantic Current influences the climate whereas 104 the inland areas experiences a more continental climate. Based on the Köppen classification 105 scheme, the Norwegian climate can be classified in three main types: warm temperate humid 106 climate, cold temperate humid climate and polar climate (Gjessing, 1977) . Precipitation types can 107 be divided into three categories: frontal, orographic and showery. The largest annual precipitation 108 values are found near the coast of Western Norway (herein also called Vestlandet) with up to 3575 109 mm/year. In contrary, the driest areas receiving <500 mm/year are found in parts of South-Eastern 110
Norway (Østlandet) and Finnmark county (Førland, 1993) . thresholds, combining simulations of relative water supply of rain or snowmelt and relative soil 146 saturation/groundwater conditions, were derived from empirical tree-classification using 206 147 landslide events from different parts of the country (Fig. 3) . Generalized Additive Models (GAM) statistics (Bell et al., 2014) . 158 Susceptibility maps, hazard threshold levels and other relevant data are displayed in real-time in a 159 webpage, www.xgeo.no, which is used as decision expert tool to forecast various natural hazards 160 (floods, snow avalanches, landslides). Landslide hazard threshold levels and hydrometeorological 161 forecasts are displayed as raster data with 1 km 2 resolution, whereas susceptibility maps, landslide 162 information (historical and real-time) and hydrometeorological observations are shown as either 163 raster, polygon or point data. 164 A landslide expert on duty (as member of a rotation team) uses the information from forecasts, 165
observations, maps and uncertainty in weather forecasts to qualitatively perform a nationwide 166 assessment of landslide warning levels (Fig. 2) . Four warning levels are defined: green (1), yellow 167 
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and temperature forecasts used to simulate other hydro-meteorological parameters, and thus lasts 170 from 06:00 UTC to 06:00 UTC each day. Warning levels are updated twice during the 24 hour 171 warning period (morning and afternoon) and are published in the webpage www.varsom.no. 172
Warnings at yellow, orange and R level are also sent to emergency authorities (regional 173 administrative offices, roads and railways authorities) and media. Warning zones are not static 174 geographical warning areas. Instead they vary from a small group of municipalities to several 175 administrative regions, depending on current hydro-meteorological conditions ( is Vestlandet (i.e. Western Norway) (Fig. 1) . The area is dominated by narrow fjords and steep 208 mountainsides reaching from sea level to 1000 m a.s.l. or more, and high annual precipitation of up 209 to ~3500 mm, (Førland, 1993) . Shallow quaternary deposits cover locally weathered and altered 210 bedrock of mainly precambric and Caledonian metamorphic and magmatic origin. As a result, 211
Vestlandet is highly prone to landslides, in particular, debris avalanches, debris flows and slush 212
flows. 213
Vestlandet is the rainiest area of Norway with many annual precipitation episodes bringing high 214 amounts of rain and/or snow. Precipitation patterns and spatial distribution display large variations 215
Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017-24, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. warning zones were completely included in the study area (Fig. 5c, d, f) . However, some warnings 255 were mainly issued for neighboring areas, to the 4 regions chosen as case study (Fig. 5a, b, 
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Within the study area, for the period 2013-2014, the Norwegian national landslide database 262 (www.skrednett.no) lists 476 landslides in soils and/or slush flows. Due to errors and double 263 registration, 385 of these slope failures were considered valid for the current analyses ( Fig. 6 and  264 Tab. 3): 65% are categorized as landslide in soil, not otherwise specified due to lack of further 265 documentation; 17% are categorized as debris avalanches, following Hungr et al. 
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The EDuMaP method was applied to two different sets of phenomena: Set A and Set B. The first set 276 includes all 385 slope failures, while the second included only 131 phenomena, as "landslide in soil 277 not specified" and "rock fall/debris avalanches" were removed from this dataset. The removal of 278 non-specified landslides was due to the questionable quality of these registrations in the national 279 landslide database, while the exclusion of rock falls inducing debris avalanches was due to 280 uncertainty on whether precipitation can indeed be considered their triggering cause. 281
The EDuMaP method 3.2 282
The paper proposes the evaluation of the performance of the landslide early warning system 283 operational in Norway by means of the "Event, Duration Matrix, Performance (EDuMaP) method" 284 (Calvello & Piciullo, 2016) . This method has been principally employed to analyse the performance 285 of regional early warning model considering fixed warning zones for issuing alerts. The method 286 comprises three successive steps: identification and analysis of landslide and warning Events (E), 287 from available databases; definition and computation of a Duration Matrix (DuMa), and evaluation 288 of the early warning model Performance (P) by means of performance criteria and indicators. 289
The first step requires the availability of landslides and warnings databases for the preliminary 290 identification of "landslide events" (LEs) and "warning events" (WEs). A landslide event is defined 291 as one or more landslides grouped on the basis of their spatial and temporal characteristics. A 292 warning event is defined as a set of warning levels issued within a given warning zone, grouped 293 considering their temporal characteristics. The parameters which need to be defined to carry on the 294 events analysis are ten: 1) warning levels, W lev ; 2) landslide density criterion, L den(k) ; 3) lead time, 295 t LEAD ; 4) landslide typology, L typ ; 5) minimum interval between landslide events, Δt LE ; 6) over time, 296 t OVER ; 7) area of analysis, A; 8) spatial discretization adopted for warnings, ΔA (k) ; 9) time frame of 297 analysis, ΔT; 10) temporal discretization of analysis, Δt. For more details see Calvello and Piciullo, 298 2016. The second step of the method is the definition and computation of a "duration matrix", 299 whose elements report the time associated with the occurrence of landslide events in relation to the 300 occurrence of warning events, in their respective classes. The number of rows and columns of the 301 matrix is equal to the number of classes defined for the warning and landslide events, respectively 302 (Figure 7) . The final step of the method is the evaluation of the duration matrix based on a set of 303 performance criteria assigning a performance meaning to the element of the matrix. Two criteria are 304 used for the following analyses (Fig. 7) , respectively indicated as criterion 1 and criterion 2. The 305 first criterion employs an alert classification scheme derived from a 2x2 contingency 
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Adaptation of the EDuMaP method to variable warning zones 3.3 323
In earlier studies, the EDuMaP method has been applied to analyse the performance of regional 324 landslide EWSs adopting a fixed spatial discretization for warnings. In contrast, the Norwegian 325 landslide EWS employs variable warning zones. This characteristic influences the first two phases 326 of the EDuMaP method and thus requires some adaptation of the method to the current study. This 327 section explains how to define landslide events (LEs) and warning events (WEs) and how to 328 compute the duration matrix in case of variable warning zones. 329
The Norwegian EWS uses municipalities as the minimum warning territorial unit (TU). Hence, 330 municipalities alerted with the some warning level are grouped together, defining a warning zone of 331 level i (Fig. 5) . The considered EWS adopts four warning levels. Therefore, on each day of alert, up 332 to four different warning levels can be issued. LEs and WEs need to be defined for each warning 333 zone and day of alert. As seen in 
Results and discussion
367
Events analysis
368
As previously mentioned, the events analysis phase of the EDuMaP method depends on the values 369 assumed by a series of well-identified parameters, which are defined to allow the analyst to make 370 choices on how to select and group landslides and warnings. 371 Table 5 shows the values of the ten input parameters, cf. section 3, for the two analyses carried out, and case B has to do with the type of landslides used for the analyses, which respectively refer to 381 the datasets A and B as defined in Dataset A is composed by 385 rainfall-and snowmelt-induced landslides occurring within the study 386 area. These slope failures have been grouped into 137 LEs. The majority of LEs belong to class 387 "Small" (133 events), while the rest of them (4 events) belong to class "Intermediate"; no "Large" 388
LEs have been recorded in the period of analyses (Tab. 6). For case B, the 131 considered 389 phenomena have been grouped into 57 LEs, 54 "Small" and 3 "Intermediate" events (Tab. 6). A 390 total of 60 warnings were issued in the period of analysis; none of these were "Red". Five warning 391 zones received the level "Orange" and 55 zones received the warning level "Yellow". In the period 392 of analysis 37 different warning zones have been alerted (Tab. The duration matrices have been analysed considering two different performance criteria (see 410 Figure 6 ). The first one is derived by a contingency table scheme (criterion 1), the other one is 411 based on a colour code assigning a grade of correctness to each matrix cell (criterion 2). The results 412 obtained considering criterion 1 for both Case A and B (Fig. 9.a) show a very high percentage of 413 correct predictions (CPs), over 96%, and around 1,5% of missed alerts (MAs). The amount of false 414
Nat 
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alerts (FAs) are 1% and 2% respectively for Case A and B. Following criterion 2 (Fig. 9.b)  415 differences, among Case A and B, can be observed in terms of greens (G), that are respectively 416 equal to 7% and 14,5%, and yellows (Y) that are respectively equal to 91% and 82%. No P and just 417 few R, equal to 2,3% and 3,6%, are observed in Case A and Case B, respectively. The performance indicators used to analyse the duration matrices (Tab. 2) are grouped into two 427 subsets of indicators, respectively evaluating success and error (Fig. 10) . Excluding the odds rate 428 (OR), the remaining success indicators have a percentage higher than 95% for both cases, due to the 429 high value of CPs that is orders of magnitude higher than MAs and FAs. Therefore the OR, that 430 indicates the correct predictions relative to the incorrect ones, assumes a very high value for both 431 cases, although slightly higher for Case A (Fig. 11) . The error indicators MR, ER, RMA and RFA 432 assume very low values and the differences between the two cases are around 1% (Fig. 10.b) . The 433 MFB, which represents the ratio of MAs over the sum of MAs and FAs, is around 60% and 45% 434 respectively for Cases A and B (Fig. 11) . In this performance analysis the high value of I eff , (>95%) and ORs, could be interpreted as an 445 excellent result but, in contrast, the high value of MFB highlights some issues related to the 446 duration of MAs in relation to the total duration of wrong predictions. In general, this could be a 447 serious problem because MAs mean that no warnings or low level warnings have been issued 448 during the occurrence of one or more LEs of the highest two classes ("Intermediate" and "Large"). 449
In particular for Case A, 4 out of 5 LE of class "Intermediate" have to be considered MAs because 450 they occurred when the warning was set to level 2. been performed using the landslide dataset A, which includes 385 landslides. 
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Changes within the duration matrix mean that the value of the performance indicators may change. 499 The results show similar performance for the four simulations derived using a relative criterion 506 (R15-C 0,14 R15-C 0,10 R10-C 0,14 R10-C 0,10 ) . The values of the success indicators are always high: 507 well above 95%, for I eff , HR, TS, PP w , while OR ranges between 42 and 49 ( Fig. 12.a) . This is due 508 to the high value of CPs compared to those of MAs and FAs, underlining a good performance of the 509 early warning model for these four simulations. In fact, also the error indicators are very low in 510 terms of percentage, around 1-2% (Fig. 12.b) . Lower values are observed for the combination 511 obtained considering the absolute criterion, and in particular for A 1,18 , with MR, R MA and ER 512 around 14%. The MFB is generally high for all simulations denoting a bad capability of the model 513 to predict LEs of classes 3 and 4. Anyway, it must be emphasized that, considering these landslide 514 density criteria, only the simulations R-15K 0,10, A 0,14 and A 1,18 have LEs of class 4 in the period of 515 the analysis (Tab. 8). 516
In conclusion, the parametric analysis shows significant differences between the absolute and 517 relative criterion simulations. 
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criterion simulations. Moreover, the absolute criterion simulations produce a number of purple 521 errors that increase the PSM (Fig. 13.b) . 
Conclusions
528
The main aim of regional landslide early warning systems is to produce alert advices within a 529 specific warning zone and to inform local authorities and the public of landslide hazard at a given 530 level. To evaluate the performance of the alerts issued by such systems several aspects need to be 531 considered, such as: the possible occurrence of multiple landslides in the warning zone, the duration 532 of warnings in relation to the time of occurrence of landslides, the level of the issued warning in 533 relation to spatial density of landslides in the warning zone and the relative importance system 534 managers attribute to different types of errors. To solve these issues, the EDuMaP method can be 535 seen as a useful tool for testing the performance of regional landslide warning models. Up to now, 536 the method has been applied exclusively to systems that issue alerts on fixed warning zones. By 537 using data from the Norwegian landslide EWS this study has extended the applicability of the 538 EDuMaP method to warning systems that uses variable warning zones. In this study, the EDuMaP 539 method has been used to evaluate the performance of the Norwegian landslide early warning system 540 for Vestlandet (Western Norway) for the period 2013-2014. The results show an overall good 541 performance of the system for the area analyzed. Two datasets of landslide occurrences have been 542 used in this study: the first one including all the slope failures registered and gathered in the NVE 543 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017-24, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Published: 16 January 2017 c Author(s) 2017. CC-BY 3.0 License.
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database within the test area; the second one excluding the phenomena whose typology was either 544 not determined or is not typically associated to rainfall. The results are not too sensitive to the 545 dataset of landslides, although slightly better results are registered with the smallest (i.e. more 546 accurate) dataset. In both cases, the high value of the MFB highlights a high number of MAs 547 compared to the FAs. A recommendation could be to have a MFB lower than 25%, which means 548 that only 1 wrong alert out of 4 is a MA. Following this reasoning, a reduction of the warning level 549 "High" is recommended in order to reduce the MAs and to increase the performance of the 550 Norwegian EWS. 551
A parametric analysis was also conducted for evaluating the performance sensitivity, to the 552 landslide density criterion, Lden(k), used as an input parameter with EDuMaP. This parameter 553 represents the way landslide events are differentiated in classes. In the analysis the classes were 554 established considering both absolute (2 simulations) and relative (4 simulations) criteria. The 555 parametric analysis shows how the variation of the intervals of the LE classes affects the model 556 performance. The best performance of the alerts issued in Western Norway was obtained applying a 557 relative density criterion for the definition of the LE classes. The parametric analysis shows only 558 minor differences in the performance analysis among the four cases considered with the relative 559 density criteria. In conclusion, this study highlights how the definition of the density criterion to be 560 used in defining the LE classes is a fundamental issue that system managers need to be take into 561 account in order to give an idea on the number of landslides expected for each warning level over a 562 given warning zone. 563
